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ABSTRACT 
 This study’s objective was to evaluate repetitive firing cycles’ effects on the 
translucency, light’s absorption coefficient, and flexural strength of zirconia-reinforced 
lithium silicate ceramics. 
Two zirconia-reinforced lithium silicate ceramics and one lithium disilicate glass-
ceramic were tested. Blocks of all materials were sectioned into tiles with different 
thicknesses and subjected to up to five firing cycles using the firing schedule indicated in 
the manufacturer’s user instructions. Light transmission ratio (T) and absorption 
coefficients were determined using a spectrophotometer. Further, bars were sectioned from 
blocks of all materials and tested for three-point-bend flexural strength using a Universal 
Testing Machine (Instron), and flexural strength was calculated from load at failure. 
Factorial ANOVA and Tukey’s HSD tests were conducted to analyze light transmission 
and flexural strength, while regression was used to analyze the absorption coefficient. 
Weibull parameters and fractographic analysis also were investigated. 
The results showed that repetitive firing cycles reduced e.max® and Vita 
Suprinity’s® translucency, but not that of Celtra® Duo, which showed no significant 
 
 viii 
difference. All materials of greater thickness exhibited less translucency, and e.max® CAD 
had the highest mean light transmission; however, it was not significantly different than 
Celtra® Duo. 
Repetitive firing cycles showed more absorption coefficient of light with Vita 
Suprinity® and e.max®, except for Celtra® Duo, which showed no difference. Vita 
Suprinity® showed the highest absorption coefficient; however, it was not significantly 
different than e.max® CAD. 
Repetitive firing cycles had no significant effect on flexural strength. High and low 
flexural strength samples for all materials showed similar characteristics with respect to 
crack propagation patterns, and fracture origins. 
In conclusion, repetitive firing cycles decreased both e.max® and Vita Suprinity’s® 
translucency significantly. Repetitive firing cycles increased e.max® and Vita Suprinity’s® 
absorption coefficient significantly, particularly at shorter wavelengths. Repetitive firing 
cycles did not increase flexural strength statistically significantly. Vita Suprinity® showed 
an inherent and more homogeneous flaw-distribution in the first two firing cycles 
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Historically, metal-ceramic restorations have been a golden standard in fixed 
prosthodontics. Proper marginal adaptation, adequate mechanical properties, acceptable 
dental esthetics, and appropriate survival abilities are some of the advantages of using this 
type of material.1–3 However, they require a time-consuming fabrication process that 
involves several steps, which increases the probability of flaws during a procedure which 
involves high-sensitivity techniques. Disadvantages of this type of restoration include 
allergies to an alloy framework,4,5 and a lack of porcelain translucency attributable to the 
masking metal framework causing an unnatural tooth appearance. 
Land introduced feldspathic porcelain in 1903 to overcome the esthetic 
disadvantages of metal crowns.6 However, these porcelain crowns were weak and 
subjected to failure attributable to their low flexural strength, and they fit poorly at the 
margins.7 Over time, different fillers (e.g., leucite) were added to all-ceramic restorations 
to improve their crystalline structure resulting in an improvement in physical properties.8 
Later, the introduction of lithium disilicate glass-ceramics resulted in an all-ceramic dental 
restoration with the advantages of greater strength and crystalline content.9  
CAD/CAM technology is considered a breakthrough in the evolution of ceramic-
processing methods from slip-casting through heat-pressing.10 All-ceramic restorations 
have a crystalline content that ranges from 35% to 99% by volume,11 which gives superior 
mechanical properties through crystalline reinforcement, stress-induced transformation, or 
transformation toughness.10 In addition, all-ceramic restorations have been proposed as an 





a high degree of natural tooth appearance.12,13 At a microstructural level, all-ceramic 
restorations may be classified into four main categories:14 
1. Glass-based (mainly silica) 
2. Glass-based (mainly silica) with fillers, usually crystalline (typically leucite or a 
different high-fusing glass) 
3. Crystalline-based systems with glass fillers (mainly alumina) 
4. Polycrystalline solids (alumina and zirconia) 
Lithium disilicate ceramics are in the second main category of all-ceramic 
restorations. IPS e.max® (known formally as Ivoclar Vivadent IPS Empress II) is a classic 
example of this material, and has a relatively high flexural strength, appropriate esthetic 
appearance, and remarkable survival rates.11,15,16 Microstructurally, this material is 
primarily a glass-ceramic with a crystalline content of lithium disilicate (Li2Si2O5) that 
represents approximately 70%.11 This crystalline content begins primarily as lithium 
metasilicate (Li2SiO3), which is formed as a result of a primary heat treatment during the 
manufacturing process. An IPS e.max® block’s bluish appearance is an indication of the 
first step in heat treatment. Usually, the manufacturer provides the material in this form, as 
it facilitate machinability because of its lower mechanical properties; thereafter, a 
subsequent heat treatment, shifts the crystalline structure from lithium metasilicate to 
lithium disilicate.17 
IPS e.max® can be supplied in the form of pressed ingots or CAD/CAM blocks, 
and these blocks are highly popular for dental use because of their relatively easy 





Zirconia-based ceramics are highly dense polycrystalline solids characterized by 
the absence of a glassy phase. Zirconia is unavailable in its pure form in dentistry; instead, 
it is stabilized in part with added trace amounts of metal oxides (e.g., Yttria, yttrium 
oxide).18 This material is used widely not only in the dental field, but in the medical field 
as well, in which it is used to manufacture prosthetic joints due to its high flexural 
strength.19 
A zirconia-reinforced lithium silicate ceramic was introduced recently as a new 
glass-ceramic. This ceramic is formed by adding »10% of zirconia by weight, in which the 
particles are distributed within the microstructure. The manufacturers of this material claim 
that the presence of zirconia enhances strength without sacrificing lithium disilicate’s 
excellent esthetic properties. This material can be used in numerous applications: for inlay 
and onlay restorations, full all-ceramic crowns, and three-unit FPDs.20,21 There is little 
information about the manufacturing process, as well as the microstructure, and a limited 






1.1. Literature review 
1.1.1. CAD/CAM lithium disilicate ceramics 
Lithium disilicate ceramics (Li2Si2O5) were introduced in 1998 when Ivoclar-
Vivadent released the IPS Empress II. This material succeeded the IPS Empress, which 
was a leucite-based glass-ceramic, and the newer material’s flexural strength was improved 
compared to its predecessor.22 
In 2006, IPS e.max® CAD was released as an improvement to IPS Empress II, with 
an advantage of chairside processing. This material was manufactured using a pressure 
casting technique used in the glass industry.23 Lithium disilicate’s flexural strength was 
reported in a range from 350 MPa to 450 MPa,24 and an average flexural strength of 360 
MPa was also reported.25 IPS e.max® CAD is available in different shades (A-D), and 
translucencies (high, medium, low). IPS e.max® blocks are provided in a “blue” lithium 
metasilicate (Li2SiO3) state with a reported flexural strength of 130 ± 30 MPa. Milling is 
feasible in this state, and consequentially subjected to a firing process. This process 
transforms the crystalline structure from lithium metasilicate to lithium disilicate, which 
increases the flexural strength dramatically,26 as this material’s microstructure contains 
approximately 70% of fine lithium disilicate crystals (Li2Si2O5) with an average crystal 
size of 1.5µm.26 This material has been recommended for fabricating inlays, onlays, 
veneers, anterior or posterior crowns, and implant-supported crowns. However, few 
clinical studies have been published with respect to its survival. A 5-year estimate of 96.6% 
was reported for single crowns.27–29 This finding was published in a systematic review that 





which included different studies that reported survival rates of FPDs,31–33 the estimated 5-
year survival was 89.1% for multiple unit FPDs.34 
1.1.2. Esthetic properties of lithium disilicate and zirconia-reinforced lithium silicate 
materials (ZLS). 
A Lithium disilicate’s esthetical appearance was evaluated, and concluded that this 
material is highly translucent. Only In-Ceram® Spinell, IPS Empress, and Procera were 
more translucent materials.13,22 In another study, IPS e.max® CAD showed the highest light 
transmission when compared with different brands of zirconia.15 Conversely, another study 
used the translucency parameter (TP), and found that IPS e.max® CAD was significantly 
lower than Vita Suprinity®, which is a zirconia-reinforced lithium silicate block, LAVA 
Ultimate, which is a composite resin, and Vita Mark II, which is a feldspathic ceramic.35 
Very few studies have evaluated the esthetics of zirconia-reinforced lithium silicate 
ceramics. In addition to a study mentioned previously,35 a publication showed a decrease 
in the contrast ratio (CR) of a 4% zirconia-reinforced lithium silicate glass-ceramic, which 
provides a more translucent appearance.36 Another study calculated the translucency 
percentage (T%) of Celtra® Duo compared to other ceramics. The material’s thickness, and 
surface roughness in samples treated with silicon carbide (SiC) disks were evaluated as 
additional variables. It was found that Celtra® Duo was significantly more translucent 
compared to IPS e.max® samples; however, this percentage was lower than LAVA™ 





1.1.3. Nucleation and flexural strength 
Lithium disilicate’s nucleation process originates from melting an appropriate glass 
batch at a temp range of 1,200-1,450°C for 4 hours, followed by quenching in cold water 
to form a frit. Surface crystallization methods are used to sinter the glass powder, and both 
surface and volume crystallization occur when nucleating agents (e.g., P2O5) are added. 
The nucleation process depends on the glass’s initial composition, which is the percentage 
of lithium oxide (Li2O) and silicon dioxide (SiO2). This process can be divided into two 
steps. The first step is the nucleation step, and requires a heat treatment between 30 minutes 
and 4 hours with a temperature of 450 to 700°C. Mainly after the first step, a lithium 
metasilicate (Li2SiO3) phase emerges. The second step involves a firing process at a 
temperature range of 700–1,000°C for several minutes to several hours will transform the 
crystalline phase from predominantly lithium metasilicate to lithium disilicate.38  
Generally, lithium disilicate’s nucleation process is controlled by adding P2O5, as 
this will result in a crystalline growth within the glassy phase. ZrO2 was tested as an 
alternative with the objective of finer crystal growth to enhance mechanical and optical 
properties.39 However, the addition of up to 4%,36 10%,40 and 20%41 ZrO2 resulted in an 
unclear view of its effects. Very few experimental studies have been conducted to examine 
the nucleation process of both lithium disilicate and lithium metasilicate crystalline phases 
when different percentages of zirconia are added. One discussed the effect of adding from 
0 to 4% zirconia gradually in the microstructure, and the difference this addition had on 
mechanical strength and optical translucency.36 The flexural strength of an experimental 





higher than the same glass-ceramic melted with 4% zirconia.36 However, both had 
significantly higher mean flexural strength than did lithium disilicate e.max® CAD 
blocks.25 In addition, a study evaluated ZrO2’s effect on lithium silicate-based ceramics’ 
crystallization, in which a primary crystal phase of lithium metasilicate was observed, and 
a microstructure with fine-grained crystals of lithium disilicate was found after a 
subsequent firing.42 ZrO2 was considered a network-forming agent because of its action in 
creating an amorphous-phase separation.43 
Another study compared the flexural strength of a zirconia-reinforced lithium 
silicate ceramic (Vita Suprinity®), which contains ≈10% zirconia by weight, and IPS 
e.max® CAD blocks. The result was an approximately 27% increase in the former’s 
flexural strength.44 However, additional clinical evaluation was recommended to evaluate 
this new material’s overall reliability. In contrast, a study conducted in 2016 showed that 
e.max® CAD blocks’ characteristic strength was higher than that of zirconia-reinforced 
lithium silicate ceramics (ZLS); however, the difference was not statistically significant.21 
In addition, another experiment was conducted to evaluate the firing process of Vita 
Suprinity® and Celtra® Duo blocks,45 which had the effect of increasing both types of 
blocks’ flexural strength, while the Weibull moduli were similar in fired or unfired zirconia 
lithium silicate blocks, suggesting similar reliability even for crystallized blocks. 
1.1.4. Repetitive firing cycles’ effects on mechanical and esthetic properties 
The process of frequent firing cycles is common in fabricating ceramic restorations 
in any lab. There are different reasons to perform multiple firing cycles, including glaze 





ceramic, and corrective firing. There is a lack of information regarding the change in a 
material’s translucency with repetitive firing, although one study demonstrated a change 
in the L* a* b* color coordinates with repetitive firing. The results were darker, more 
reddish, and yellowish color changes in all-ceramic specimens.46 Another study presented 
similar results. Increased thickness and repetitive firing cycles resulted in color changes 
and interacted significantly with the type of material.47 Changes also were detected in 
zirconia-reinforced lithium silicate (ZLS) ceramics’ CR, which increased with an extended 
glaze firing and produced a more opaque material.48 
Some studies have investigated the flexural strength values after repetitive firing 
cycles. For example, Aurélio et al.49 found a significant increase in flexural strength with 
extended glazing in glass-ceramics. In contrast, Giordano et al.50 found that the flexural 
strength decreased with glazing, while grinding or surface polishing improved the 
material’s strength. This result was consistent with that of Fairhurst et al.51 No studies were 
found that showed the effect of repetitive firing cycles alone on lithium disilicate and ZLS 






1.1.5. Chemical composition of IPS e.max® CAD and zirconia-reinforced lithium silicate 
materials 
The chemical composition of IPS e.max® CAD is described in Table 1, according 
to the manufacturer’s brochure: 25 
Table 1: Chemical composition of e.max® CAD with the percentage by weight. 
Composition Percentage (wt%) 
SiO2 57.0 - 80.0 
Li2O 11.0 - 19.0 
K2O 0.0 - 13.0 
P2O5 0.0 - 11.0 
ZrO2 0.0 - 8.0 
ZnO 0.0 - 8.0 






The chemical composition of Vita Suprinity®  is described in Table 2, according 
to the manufacturer’s brochure:52 
Table 2: Chemical composition of Vita Suprinity® with the percentage by weight. 
Composition Percentage (wt%) 
ZrO2 8.0 – 12.0 
SiO2 56.0 – 64.0 
Li2O 15.0 – 21.0 
La2O3 0.1 
Pigments < 10 






The chemical composition of Celtra® Duo is described in Table 3, according to 
the manufacturer’s brochure:53 
Table 3: Chemical composition of Celtra® Duo with the percentage by weight. 









1.1.6. Fractography of glass ceramics and Weibull analysis  
The observation of fractured surfaces with a focus on the features that provide 
information about the amount of energy release, defect size, and crack propagation is a 
powerful tool used to determine the reason for a material’s failure. Zapffe used the term 
“fractography” first in 1944. The word originates from “fracto-,” fracture, and “grapho-,” 
descriptive treatment. The examination of the fracture origin and microstructure is an 
essential step in fracture analysis, and has improved with the advancement of technology, 






SEM analysis facilitates the examination of fine structures, including crystalline 
structure, the amorphous “glassy” phase, grain boundaries, and flaws in the material. 
Energy dispersive x-ray analysis (EDS) is used commonly in conjunction with a surface 
examination to clarify further the elements available in the material in general or in a 
particular site. The fracture origin plays a critical role in a crack’s initiation and propagation 
within the material according to Griffith’s equation (see below), in which KIC is fracture 
toughness, Y is the geometrical account of the size and location of the crack’s origin, σf is 
the fracture stress, and a is the critical crack’s length. 
𝐾"# = 𝑌	𝜎(√	𝜋𝑎 
It is known that brittle materials such as ceramics follow the Weibull distribution. 
This distribution is based on the higher probability of larger flaw sizes that cause the 
material to fail.54 The Weibull parameters are calculated according to the equation below. 
This equation contains three parameters, two of which are considered crucial in the 
determination of the scale (i.e., characteristic strength) and the shape (i.e., Weibull 
modulus). These are represented as σθ and m, respectively. 






Pf represents the probability of failure, and σµ the stress threshold parameter, which 
is nearly negligible and set to 0 to simplify calculations. The characteristic strength is the 
strength value σ where Pf is 63.2%. This value should be higher than the mean strength 
where Pf is 50%. The Weibull modulus helps determine critical flaw distribution associated 





1.2. Research objectives 
1. To evaluate the effect of repetitive firing cycles on the translucency of lithium 
disilicate, and zirconia-reinforced lithium silicate glass-ceramics, by measuring the 
light transmission ratio. 
2. To evaluate the effect of repetitive firing cycles on lithium disilicate, and zirconia-
reinforced lithium silicate’s absorption coefficient. 
3. To evaluate the effect of firing cycles on lithium disilicate, and zirconia-reinforced 
lithium silicate’s flexural strength. 
4. To evaluate the both glass ceramics’ fractured surfaces. 
1.3. Null hypotheses 
1. Repetitive firing cycles have no effect on both glass ceramics’ translucency. 
2. Repetitive firing cycles have no effects on both glass ceramics’ absorption 
coefficient. 







2. MATERIALS AND METHODS 
One lithium disilicate material (IPS e.max® CAD), and two zirconia-reinforced 
lithium silicates (Vita Suprinity® and Celtra® Duo) were used in this study (Figures 1, and 
2). Materials used in light transmittance/absorption, and flexural strength tests are 
described in Tables 4 and 5, respectively. 















































2.1. Light transmission and absorption coefficient tests 
2.1.1. Material preparation 
Zirconia-reinforced lithium silicate blocks, VITA Suprinity® shade A2-T (VITA 
Zahnfabrik, Germany), Celtra® Duo shade A2-LT (LOT 180211100) (Dentsply Sirona, 
York, PA), and a lithium disilicate glass-ceramic (IPS e.max® CAD) shade A2-LT (LOT 
U11927) (Ivoclar Vivadent, Schaan, Liechtenstein) were used in this experiment (Table 4). 
Blocks were sectioned into tiles (n=7) (Figure 3), with 14mm in length, 12mm in 
width and thicknesses of 0.5, 1 and 1.5 mm using a precision saw machine (ISOMET 5000, 
Buehler, Lake Bluff, IL), with a 6-inch diamond blade with continuous cooling water 
(Figure 4), and then were measured with an electronic digital caliper (Figure 5). Samples 
were then subjected to a firing cycle, using the Ivoclar Vivadent Programat CS Furnace 
(Ivoclar Vivadent, Schaan, Liechtenstein), according to the manufacturer’s instructions 
(Figure 6). Firing specifications are shown in Tables 6, and 7, for IPS e.max® CAD, and 
Vita Suprinity® respectively. Tables 8 and 9 describe the 1st and 2nd heat treatments of 
Celtra® Duo, respectively. 
Tiles were polished with diamond abrasive polishing disks, sizes 70, 45, and 15 
µm, along with 6, and 1 µm diamond suspension slurries, using the EcoMet® 250 polishing 
machine (Buehler, Lake Bluff, IL) (Figure 7). After the first cycle, light transmission ratios 
(T) of all materials were determined, and the description of (T) reading is described below 
in the next section. Afterwards, a second firing cycle was subjected to all materials and 





2.1.2. Light transmission ratio (T)  
The light transmission ratio was determined with a spectrophotometer (Color i5, 
Gretag Macbeth, X-rite, Grand Rapids, MI) (Figure 8). Standard daylight D65 was used 
and the mode selected was direct transmission. Three readings for each sample were 
obtained at three different areas with the first reading placed in a vertical orientation, the 
following two readings the sample was rotated 90° and 180° respectively to rule out 
birefringence of light. Readings from the spectrophotometer are based on the average light 
transmission at different wavelengths, ranging from 360 nm to 750 nm. The light 





Where T is the transmission ratio, I, denotes the intensity of light after going through the 
material, and I0 is the initial light intensity (before entering the material). 
2.1.3. Statistical analysis for light transmission ratio (T) 
Factorial analysis of variance (ANOVA) was calculated using JMP Pro 14 (JMP, 
SAS, Cary, NC). Comparing each pair of means was conducted using the post-hoc Tukey-






2.1.4. Absorption coefficient 
The same spectrophotometer (Color i5, Gretag Macbeth, X-rite, Grand Rapids, MI) 
was used to obtain absorption coefficients’ data. A range of wavelengths from 450-550 nm 




= 	 𝑒:;	< 
Where I, represents the intensity of light after going through the material, I0 is the initial 
light intensity (before entering the material), α is the attenuation (i.e., absorption) 
coefficient, and d is the thickness of the material (mm). 
Linear regression of -ln (light transmission) and thickness (mm) for every material, 
firing cycle, and wavelengths of (450, 460, 470… to 550 nm) was completed, and the linear 
fit equation was used to extract the absorption coefficients for different wavelengths, 
materials, and firing cycles. The constants in the linear fit represent absorption coefficients, 
and were entered into a data spreadsheet and analyzed using the statistical software. Figure 
9, shows an example of an absorption coefficient calculation using the constants in the 
linear equation Due to the sensitivity of this experiment, and for more accurate results, the 
actual thickness of the material was entered in the statistical analysis software. 
2.1.5. Statistical analysis for the absorption coefficient 
With JMP 14 Pro, Multiple regression was used to relate the absorption coefficient 





















































2.2. Flexural strength test 
2.2.1. Material preparation 
Blocks of zirconia-reinforced lithium silicate glass ceramics, VITA Suprinity® 
(LOT 36410) (VITA Zahnfabrik, Germany), Celtra® Duo (LOT 18020624) (Dentsply 
Sirona, York, PA), and a lithium disilicate glass-ceramic (IPS e.max® CAD) (LOT 
T38016) (Ivoclar Vivadent, Schaan, Liechtenstein) were used in this experiment (Table 5). 
Blocks were sectioned into bars (n=12) (Figure 10), with 17mm in length, and a 
mean of 2mm in width and 2mm in thickness using the precision saw machine (ISOMET 
5000, Buehler, Lake Bluff, IL) (Figure 4). Samples were then subjected to a firing process, 
using the Ivoclar Vivadent Programat CS Furnace (Ivoclar Vivadent, Schaan, 
Liechtenstein) according to the manufacturer’s instructions (Figure 6). Firing 
specifications are shown in Tables 6, and 7, for IPS e.max® CAD, and Vita Suprinity® 
respectively. Tables 8 and 9 describe the 1st and 2nd heat treatments of Celtra® Duo, 
respectively. Bars were polished with diamond abrasive polishing disks, sizes 70, 45, 15, 
6 and 1 µm using the EcoMet® polishing and grinding machine (Buehler, Lake Bluff, IL) 
(Figure 7). This process was repeated after each firing cycle. 
2.2.2. Flexural strength test 
After each firing cycle of all samples, flexural strength (MPa) values were obtained 
by a three-point bend test using an Instron Universal Testing Machine (Instron 5566A; 
Instron, Canton, MA) (Figure 11). Each bar was placed carefully in a fixture with a 10mm 
span with the test load subjected to the top center part. The crosshead speed for the Instron 





Instron software (Bluehill 3 software, Instron, Norwood, MA) and were measured prior to 
each test using a micrometer (Model No. CD-4CS; Mitutoyo Corp., Japan) and a load of 





σ represents the flexural strength (N/mm2 or MPa), P is the load at fracture (N), L is the 
length of the support span (mm), w is the specimen width (mm), and h is the specimen 
height or thickness (mm). 
2.2.3. Statistical analysis for flexural strength 
Factorial analysis of variance (ANOVA) test was completed using JMP Pro 14 
(JMP, SAS, Cary, NC), in addition to comparing each pair of means using the Tukey-






2.3. Fractography analysis 
The qualitative fractographic analysis was completed using a scanning electron 
microscope (SEM) (SU6600, Hitachi High Technology, Japan) (Figure 12). Specimens 
were cleaned with 70% isopropyl alcohol in an ultrasonic cleaner (Quantrex® 140, L&R® 
Ultrasonics, Kearny, NJ) for 3 minutes. Subsequently, specimens were placed and glued 
on an aluminum stub (SPI supplies; West Chester, PA) and sputter coating of 
gold/palladium was applied to each group using the sputter coater (Hummer II Technics, 
Alexandria, Virginia). Specimens were viewed under the SEM with an accelerating voltage 
ranging from 5 to 15kV. Fractographic features including fracture origin, mirror, mist, and 
hackle areas were analyzed, with the investigation of crack propagation patterns and 
potential deflects. These features were examined under different magnification levels from 
50x to 5,000x. 
2.4. Microstructure analysis 
The microstructures of tested materials were investigated by etching specimens of 
e.max® CAD with 9.6% hydrofluoric acid gel for 60 seconds. Vita Suprinity®, and Celtra® 
Duo specimens were etched with 5% hydrofluoric acid for 60 seconds. High acid 








Figure 1: Vita Suprinity®. A zirconia-reinforced lithium silicate dental ceramic. 
 
 
Figure 2: Celtra® Duo (on the left); a zirconia-reinforced lithium silicate dental 


















Figure 5: A digital electronic caliper. 
 
 







Figure 7: The EcoMet® 250 polishing and grinding machine. 
 
 













Figure 9: An example of absorption coefficient calculation. A linear fit was used for 
every material, firing cycle, and wavelength. The constant in the red rectangle is the 
absorption coefficient. 
  
Bivariate Fit of -ln (T) By Thickness (d)
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Figure 10: A bar shaped specimen derived from a ceramic block prepared for a 3-
point bend flexural test. 
 
























































































































































3.1 Light transmission ratio 
In this section, light transmission ratios for all materials at different firing cycles 
were obtained using a spectrophotometer. The objective is to evaluate the effect of 
repetitive firing cycles on the ratio of light transmitted through the material. 
3.1.1. Descriptive statistics 
Means of light transmission ratio, standard deviations and coefficients of variation 
for e.max® CAD are displayed in Table 10. Figure 13 demonstrates the effect of firing 
cycles and thickness on e.max®’s light transmission. Tables 11, and 12 summarize means 
of light transmission ratio, standard deviations and coefficients of variation for Vita 
Suprinity® and Celtra® Duo, respectively. Figures 14, and 15 show the effect of firing 
cycles and sample thickness on Vita Suprinity® and Celtra® Duo’s light transmission. 
The highest mean light transmission ratio was shown in e.max®, with a thickness 
of 0.5mm, and fired for one cycle. The lowest mean was shown in Vita Suprinity®, with a 



















1 0.53 0.018 3.46 7 
2 0.517 0.018 3.54 7 
3 0.47 0.017 3.58 7 
4 0.41 0.006 1.47 7 
5 0.37 0.012 3.30 7 
1 
1 0.358 0.005 1.27 7 
2 0.354 0.006 1.63 7 
3 0.313 0.005 1.46 7 
4 0.264 0.012 4.66 7 
5 0.229 0.011 4.65 7 
1.5 
1 0.254 0.011 4.51 7 
2 0.252 0.008 3.29 7 
3 0.215 0.007 3.30 7 
4 0.169 0.008 4.48 7 



















1 0.46 0.018 3.81 7 
2 0.356 0.016 4.42 7 
3 0.264 0.012 4.43 7 
4 0.211 0.011 5.31 7 
5 0.17 0.009 5.28 7 
1 
1 0.316 0.015 4.61 7 
2 0.215 0.012 5.73 7 
3 0.157 0.013 8.45 7 
4 0.113 0.012 10.97 7 
5 0.081 0.011 13.47 7 
1.5 
1 0.232 0.010 4.42 7 
2 0.153 0.003 1.92 7 
3 0.099 0.004 4.10 7 
4 0.064 0.005 8.36 7 



















1 0.514 0.044 8.62 7 
2 0.519 0.038 7.26 7 
3 0.515 0.043 8.29 7 
4 0.511 0.047 9.25 7 
5 0.5 0.041 8.24 7 
1 
1 0.375 0.016 4.22 7 
2 0.372 0.018 4.96 7 
3 0.372 0.015 3.90 7 
4 0.357 0.016 4.49 7 
5 0.359 0.015 4.11 7 
1.5 
1 0.3 0.008 2.53 7 
2 0.3 0.009 2.90 7 
3 0.298 0.010 3.51 7 
4 0.292 0.007 2.30 7 

















Figure 13: Light transmission ratios of e.max® CAD. Different colors represent 
different thickness, and letters that are not connected are significantly different. 
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Figure 14: Light transmission ratios of Vita Suprinity® (VS). Different colors 
represent different thickness, and letters that are not connected are significantly 
different. 
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Figure 15: Light transmission ratios of Celtra® Duo (CD). Different colors represent 
different thickness. Letters that are connected indicate no significant difference. 
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3.1.2. Hypothesis test 
In the e.max® CAD group, repetitive firing cycles resulted in a decrease in light 
transmission, and was significantly shown after the 3rd firing. With increased thickness, 
and if the same number of firing cycles were compared, light transmission was significantly 
decreased. For example, a 0.5mm specimen with 5 firing cycles was significantly different 
compared to a 1mm specimen with the same number of cycles (Figure 13, and Table 13). 
In Vita Suprinity®, repetitive firing cycles showed more drastic changes of light 
transmission, starting from the 2nd firing cycle. Similar to the previous material, increased 
thickness reduced the light transmission ratio, and when two samples of different thickness 
have same level of firing cycles, the sample with higher thickness was significantly less 
translucent (Figure 14, and Table 14). 
In Celtra® Duo, repetitive firing cycles showed no significant differences within 
each thickness group, and light transmission was decreased with an increase in thickness 
(Figure 15, and Table 15) 
In the factorial ANOVA, the entire model showed a statistical significance in at 
least one group or one variable (Table 16). The variables tested were; firing cycles, type of 
material, and the thickness of each material. Results showed significant effects of all 






The log worth is the -log10(p-value), which gives an additional implication for the 
level of significance. Based on the log worth number, the thickness variable was the most 
significant, followed by firing cycle and material (Table 17). Figures 16, 17, and 18, show 
interactions between variables, material*firing cycle, thickness* firing cycle, and 
material*thickness, respectively. The material*firing cycle interaction was displayed as 
trend lines were intersected, and indicating that the firing cycle variable affected the 
material’s light transmission. The material*thickness interaction was also prominent, as 
trend lines were intersected, indicating the thickness variable’s effect on the material’s light 
transmission. Although lines were slightly non-parallel in thickness*firing cycle, the log 
worth of this interaction was 7.3, which indicated a strong effect. 
Maximum desirability for light transmission was analyzed to identify the 
combination of independent variables resulting in the most optimum outcome. Maximum 
desirability was showed with e.max® CAD at the thickness of 0.5mm, and fired for the first 
time (0.87) (Figure 19).  
All pooled data were analyzed based on a factorial ANOVA’s least-squared means, 
and Tukey’s post-hoc test was used for multiple comparisons. When data was pooled 
according to material, all thicknesses and firings data were included. Celtra® Duo and 
e.max® were not significantly different; however, Vita Suprinity® was significantly lower 
than the other two materials (Table 18, and Figure 20). Pooled data of different thickness 
levels showed a significant decrease of light transmission with higher thickness levels, in 





of repetitive firing cycles of all materials and thickness levels showed a significant decrease 
in light transmission. firing cycles (Table 20, and Figure 22).  
Different thickness groups were compared to each other based on the type of 
material (Table 21, and Figure 18). Celtra® Duo and e.max® were not statistically 
significant at 0.5, and 1mm; however, the difference was significant when compared to 
each other at 1.5mm. Vita Suprinity® displayed significant differences from the other two 
glass ceramics at 0.5, and 1mm; however, at 1.5mm, light transmission was similar to 
e.max®, but statistically different than Celtra® Duo 
The null hypothesis (N0) of repetitive firing cycles’ effect on different materials’ 
light transmission was rejected (p<0.0001). Firing cycles displayed a significant effect in 






Table 13: Multiple comparisons of e.max®’s different thickness and firing cycles. 













0.5 1 A         0.530 0.517 0.544 
0.5 2 A         0.517 0.504 0.531 
0.5 3  B        0.470 0.456 0.483 
0.5 4   C       0.410 0.397 0.424 
0.5 5    D      0.370 0.357 0.384 
1 1    D      0.358 0.345 0.372 
1 2    D      0.354 0.341 0.367 
1 3     E     0.313 0.299 0.326 
1 4      F    0.264 0.251 0.277 
1.5 1      F G   0.254 0.241 0.267 
1.5 2      F G   0.252 0.239 0.265 
1 5       G H  0.229 0.215 0.242 
1.5 3        H  0.215 0.202 0.228 
1.5 4         I 0.169 0.155 0.182 






Table 14: Multiple comparisons of Vita Suprinity®’s different thickness and firing 













0.5 1 A         0.460 0.447 0.473 
0.5 2  B        0.356 0.343 0.369 
1 1   C       0.316 0.303 0.329 
0.5 3    D      0.264 0.251 0.278 
1.5 1    D E     0.232 0.218 0.245 
1 2     E     0.215 0.201 0.228 
0.5 4     E     0.211 0.197 0.224 
0.5 5      F    0.170 0.157 0.183 
1 3      F    0.157 0.143 0.170 
1.5 2      F    0.153 0.140 0.166 
1 4       G   0.113 0.100 0.127 
1.5 3       G   0.099 0.086 0.113 
1 5       G H  0.081 0.068 0.094 
1.5 4        H I 0.064 0.051 0.078 






Table 15: Multiple comparisons of Celtra® Duo’s different thickness and firing 










0.5 2 A   0.519 0.506 0.532 
0.5 3 A   0.515 0.502 0.528 
0.5 1 A   0.514 0.501 0.528 
0.5 4 A   0.511 0.498 0.525 
0.5 5 A   0.500 0.487 0.513 
1 1  B  0.375 0.361 0.388 
1 3  B  0.372 0.359 0.385 
1 2  B  0.372 0.358 0.385 
1 5  B  0.359 0.345 0.372 
1 4  B  0.357 0.343 0.370 
1.5 1   C 0.300 0.287 0.314 
1.5 2   C 0.300 0.286 0.313 
1.5 3   C 0.298 0.285 0.311 
1.5 4   C 0.292 0.279 0.306 







Figure 16: A graph representing material*firing cycle variables, Celtra® Duo’s and 




Figure 17: A graph representing thickness*firing cycle. Although the lines are 
slightly non-parallel, statistical analysis showed a significant effect of this 



































































Figure 18: A graph representing thickness*material variables. Lines were 




Figure 19: The maximum desirability of light transmission (0.87) was for 0.5mm 











































































































Table 16: Factorial ANOVA of the whole model. 
 DF Sum of Squares Mean Square F Ratio 
Model 44 5.70 0.130 403.6 
Error 270 0.087 0.000 Prob > F 
C. Total 314 5.79  <.0001* 
 
Table 17: Variables effect on light transmission. 
Variable Logworth pValue 
Thickness 122.8 <.0001* 
Firing Cycle 90.1 <.0001* 
Material*Firing Cycle 61.6 <.0001* 
Material 11.7 <.0001* 
Thickness*Firing Cycle 7.3 <.0001* 









Table 18: Pooled data of different materials, showing least squared means for light 
transmission. All data in relation to thickness, and firing cycle levels were compiled 











e.max® CAD A  0.530 0.517 0.544 
Celtra® Duo A  0.514 0.501 0.528 
Vita Suprinity®  B 0.460 0.447 0.473 
 
 
































Table 19: Pooled data of all thickness levels, showing least squared means for light 
transmission. All data in relation to different materials and firing cycle levels were 
compiled in respect to their thickness level. Levels not connected by the same letter 











0.5 A   0.502 0.494 0.509 
1  B  0.350 0.342 0.357 
1.5   C 0.262 0.254 0.270 
 
 


































Table 20: Pooled data of repetitive firing cycles, showing least squared means for 
light transmission. All data in relation to different materials and thickness levels 
were compiled in respect to their firing cycle level. Levels not connected by the same 










1 A     0.502 0.494 0.509 
2  B    0.464 0.456 0.472 
3   C   0.416 0.409 0.424 
4    D  0.377 0.370 0.385 
5     E 0.347 0.339 0.355 
 
 




























Table 21: Pooled data of materials and thickness, with the two variables combined. 
All firing cycle levels were included in the data. Light transmission’s least squared 
mean is displayed. Levels not connected by the same letter are significantly 
different. 







e.max®,0.5 A     0.530 0.517 0.544 
Celtra® Duo,0.5 A     0.514 0.501 0.528 
Suprinity®,0.5  B    0.460 0.447 0.473 
Celtra® Duo,1   C   0.375 0.361 0.388 
e.max®,1   C   0.358 0.345 0.372 
Suprinity®,1    D  0.316 0.303 0.329 
Celtra®Duo,1.5    D  0.300 0.287 0.314 
e.max®,1.5     E 0.254 0.241 0.267 






3.2. Absorption coefficient 
In this section, absorption coefficients for all materials at different firing cycles 
were obtained using a spectrophotometer. The objective is to evaluate the effect of 
repetitive firing cycles on the absorption coefficient of each material. 
3.2.1 Descriptive statistics 
Liner regression, describing the relation between light transmission and thickness, 
was used to obtain the absorption coefficient of all materials, and firing cycles at different 
wavelengths. Table 22 presents means (averaged from 450 to 550 nm), and standard 
deviations. Figure 23, illustrates the differences with the linear fit of the absorption 
coefficient with different firing cycles. 
3.2.2. Hypothesis test 
Multiple regression was used to determine the relation between absorption 
coefficient and independent variables (materials, and firing cycles). In Table 23, the 
regression model’s p-value was <0.0001 indicating a significant effect in at least one 
variable. Variables were sorted according to p-values, and log worth, which is the -log (p-
value), indicating the level of significance. The level of firing cycle had the most significant 
effect, followed by; material*firing cycle interaction, wavelength*firing cycle interaction, 
material*firing cycle*wavelength interaction, material, and finally wavelength (Table 24). 
The interaction effects of wavelength*material*firing cycle, material*firing cycle, and 
wavelength*firing cycle were displayed in Figures 23, and 24, and 25. Lines were non-
parallel and were intersected indicating strong effects. Repetitive firing cycles on Vita 





the absorption coefficient was significant after firing e.max® for the 4th time; however, 
Celtra® Duo showed no significant increase in absorption coefficient with repetitive firing 
(Table 25, and Figure 24). Pooled data according to material type, with all firing cycles 
included, showed that Vita Suprinity® had the highest absorption coefficient, and was not 
significantly different from e.max®, while Celtra® Duo had the lowest absorption 
coefficient (Table 26, and Figure 26). Pooled data of repetitive firing cycles, with all 
materials included, showed that repetitive firing cycles caused a significant increase in the 
absorption coefficient (Table 27, Figure 27). The null hypothesis (H0) of repetitive firing 
cycles’ effect on materials’ light absorption coefficient was rejected. Repetitive firing 
cycles significantly exhibited increased absorption coefficients on all materials tested, 















Celtra® Duo 1 0.558 0.065 
Celtra® Duo 2 0.577 0.069 
Celtra® Duo 3 0.574 0.07 
Celtra® Duo 4 0.584 0.068 
Celtra® Duo 5 0.58 0.072 
e.max® 1 0.815 0.102 
e.max® 2 0.804 0.11 
e.max® 3 0.937 0.16 
e.max® 4 1.207 0.293 
e.max® 5 1.456 0.408 
Vita Suprinity® 1 0.843 0.131 
Vita Suprinity® 2 1.281 0.322 
Vita Suprinity® 3 1.847 0.622 
Vita Suprinity® 4 2.323 0.661 
Vita Suprinity® 5 3.274 1.401 






Figure 23: A graph of different materials’ absorption coefficient with repetitive 
firings. The absorption coefficient’s linear fits showed no changes with firing cycles 
in Celtra® Duo, changes with repetitive firings in e.max®, and more changes with 
firing cycles in Vita® Suprinity. This graph also shows an interaction effect of 
wavelength*firing cycle*material especially with e.max® and Vita® Suprinity. Lines 
in both materials were non-parallel and intersections occurred. 
  
Absorption Coefficient vs. Wavelength
Material
























Y (1) = 1.532 - 0.001948*X
Y (2) = 1.613 - 0.002072*X
Y (3) = 1.618 - 0.002089*X
Y (4) = 1.608 - 0.002047*X
Y (5) = 1.652 - 0.002144*X
Y (1) = 2.309 - 0.002988*X
Y (2) = 2.425 - 0.003242*X
Y (3) = 3.32 - 0.004766*X
Y (4) = 5.541 - 0.008669*X
Y (5) = 7.527 - 0.01214*X
Y (1) = 2.77 - 0.003855*X
Y (2) = 6.058 - 0.009554*X
Y (3) = 10.89 - 0.01809*X
Y (4) = 12.21 - 0.01978*X
Y (5) = 22.74 - 0.03893*X












Table 23: Regression model for the absorption coefficient. 
 
DF Sum of Squares Mean Square F Ratio R2 
Model 29 122.47 4.22 166.06 0.973 
Error 135 3.43 0.025 Prob > F  










Firing Cycle 57.04 <.0001* 
Material*Firing Cycle 52.62 <.0001* 
Wavelength*Firing Cycle 22.34 <.0001* 
Material*Wavelength*Firing Cycle 19.43 <.0001* 
Material 4.30 0.00005* 
Wavelength 2.96 0.00109* 






Table 25: Multiple comparisons of absorption coefficient’s least squared means for 
different materials combined with firing cycles. Levels not connected by the same 











VS,5 A         3.27 3.18 3.37 
VS,4  B        2.32 2.23 2.42 
VS,3   C       1.85 1.75 1.94 
e.max®,5    D      1.46 1.36 1.55 
VS,2    D E     1.28 1.19 1.38 
e.max®,4     E     1.21 1.11 1.30 
e.max®,3      F    0.94 0.84 1.03 
VS,1      F    0.84 0.75 0.94 
e.max®,1      F G   0.81 0.72 0.91 
e.max®,2      F G H  0.80 0.71 0.90 
CD,4       G H I 0.58 0.49 0.68 
CD,5       G H I 0.58 0.48 0.67 
CD,2        H I 0.58 0.48 0.67 
CD,3        H I 0.57 0.48 0.67 






   
Figure 24: Absorption coefficient’s (mm-1) least squared means of different 
materials and different firing cycles. Non-parallel lines indicate a significant 





Figure 25: The wavelength*firing cycle interaction. Lines in this graph were non-
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Table 26: Pooled data according to different materials, showing least squared means 
for absorption coefficient. Firing cycles’ data were compiled in respect to their 










Vita Suprinity® A  0.843 0.747 0.938 
e.max® A  0.815 0.719 0.910 
Celtra® Duo  B 0.558 0.463 0.653 
 
 
Figure 26: Absorption coefficient’s (mm-1) least squared means of pooled data 































Table 27: Pooled data according to firing cycles, showing least squared means for 
absorption coefficient. Data of all materials were compiled in respect to their firing 











5 A     1.77 1.72 1.83 
4  B    1.37 1.32 1.43 
3   C   1.12 1.06 1.17 
2    D  0.89 0.83 0.94 
1     E 0.74 0.68 0.79 
 
 
Figure 27: Absorption coefficient’s (mm-1) least squared means of pooled firing 































3.3. Flexural strength 
In this section, the flexural strength of Vita Suprinity®, e.max® CAD, and Celtra® 
Duo were determined. The objective was to evaluate the firing cycles’ effect on the flexural 
strengths of all three materials. 
3.3.1. Descriptive statistics 
Means, standard deviations, and coefficient of variances of Celtra® Duo, e.max®, 
and Vita Suprinity® in different firing cycles are displayed in Table 28, and Figure 28. The 
highest mean flexural strength was for e.max® after 5 firing cycles (484.21 ± 76.26 MPa), 
followed by e.max® after 4 firing cycles (478.78 ± 78.82 MPa). The lowest flexural 
strength was for Celtra® Duo after one firing cycle (297.63 ± 64.54 MPa). 
3.3.2. Hypothesis test 
Factorial ANOVA was used to evaluate the effect of firing cycles on the flexural 
strength of all materials, which detected a significant effect in at least one variable (Table 
30). Table 29, and Figure 28 show multiple flexural strength comparisons of different 
materials and firing cycles. e.max® after 5 firings was the highest and significantly different 
from Celtra® Duo after the same number of firings, Vita Suprinity® after 5 firings was 
significantly different compared to e.max® after the same number of firings. Celtra® Duo 
after 5 firings was significantly different than e.max® at the same firing level; however, 
Celtra® Duo at the 5th level was not significantly different than Vita Suprinity®. Firing 
cycles, in general, did not cause significant flexural strength differences within each 





When pooling data according to material, e.max® showed the highest flexural 
strength, and non-significantly followed by Vita Suprinity®. e.max® was significantly 
higher than Celtra® Duo. (Table 31, and Figure 29). After pooling data according to firing 
cycle, the 1st firing cycle was significantly lower than 3rd, 4th, and 5th levels; however, the 
1st cycle was not significantly different than the 2nd (Table 32, and Figure 30). 
Table 33 shows variables which had an effect on flexural strength. The material 
variable showed the most significant effect with a log worth of 2.72. The firing cycle 
variable showed a log worth of 2.69; this significant effect is seen only when data is 
pooled and not seen on each material individually. The interaction between firing cycles 
and materials was not significant (p = 0.91), and the maximum desirability for flexural 
strength (0.66) was demonstrated in e.max® after 5 firing cycles (Figure 31). 
Power analysis was performed to ensure the avoidance of type II error in this 
experiment. JMP 14 Pro was used to solve the least significant number of observations to 
resulting in a significant effect, and the total number was 836 observations, which is 
around 4.6 times higher than the total number of observations in this study. 
According to this experiment, the null hypothesis (H0) regarding the effect of 
repetitive firing cycles on flexural strength was accepted. Repetitive firing cycles did not 
cause a significant change on the flexural strength within each group of material; 
however, if pooled data was analyzed according to firing cycles (regardless the type of 


















Figure 28: Flexural strength’s means and standard deviations of different materials 
and firing levels. Connected letters indicate no significant difference. 
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Table 28: Mean, standard deviation and coefficient of variance of different 
materials’ flexural strengths with different firing cycles. 
Material Firing Cycle N Mean Std Dev COV 
Celtra® Duo 1 12 297.63 64.54 21.68 
 2 12 346.6 76.39 22.04 
 3 12 338.94 62.53 18.45 
 4 12 347.18 77.68 22.37 
 5 12 329.17 52.30 15.89 
e.max® 1 12 397.4 70.46 17.73 
 2 12 457.28 77.48 16.94 
 3 12 452.33 79.80 17.64 
 4 12 478.78 78.82 16.46 
 5 12 484.21 76.26 15.75 
Vita Suprinity® 1 12 340.72 33.61 9.87 
 2 12 363.51 38.21 10.51 
 3 12 377.98 43.65 11.55 
 4 12 389.9 80.08 20.54 






Table 29: Multiple flexural strength comparisons of different materials and firing 
cycles (VS=Vita Suprinity®, CD=Celtra® Duo). 
Material, 
Firing Cycle 










    
484.2 445.5 522.9 
e.max®,4 A B 
   
478.8 440.1 517.5 
e.max®,2 A B C 
  
457.3 418.6 496.0 
e.max®,3 A B C 
  
452.3 413.6 491.0 
e.max®,1 A B C D 
 
397.4 358.7 436.1 
VS,4 A B C D E 389.9 351.2 428.6 
VS,5 
 
B C D E 387.6 349.0 426.3 
VS,3 
  
C D E 378.0 339.3 416.7 
VS,2 
  
C D E 363.5 324.8 402.2 
CD,4 
   
D E 347.2 308.5 385.9 
CD,2 
   
D E 346.6 307.9 385.3 
VS,1 
   
D E 340.7 302.0 379.4 
CD,3 
   
D E 338.9 300.3 377.6 
CD,5 
   
D E 329.2 290.5 367.9 
CD,1 
    






Table 30: Factorial ANOVA for the whole model. 
Source DF Sum of Squares Mean Square F Ratio 
Model 14 561802 40128.7 8.71 
Error 165 760236 4607.5 Prob > F 
C. Total 179 1322038  <.0001* 
 










e.max® A  397.4 358.7 436.1 
Vita Suprinity® A B 340.7 302.0 379.4 







Figure 29: Flexural strength’s least squared means of pooled data of different 
materials. Data of different firing cycles were compiled according to their material. 
 
Table 32: Pooled data showing different firing cycles. Data of different materials 













405.3 383.0 427.6 
5 A 
 
400.3 378.0 422.7 
3 A 
 
389.7 367.4 412.1 
2 A B 389.1 366.8 411.5 
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Figure 30: Flexural strength’s pooled data of firing cycles. 
 
Table 33: Variables’ effect on flexural strength. 
Variable Log Worth Prob > F 
Material 2.726 0.00188* 
Firing Cycle 2.693 0.00203* 
































Figure 31: The desirability function of flexural strength. e.max® after 5 firing cycles 






















































3.3.3. Weibull analysis 
Tables 34, 35, and 36, describe the scale parameter (i.e., characteristic strength) and 
the shape parameter (i.e., the Weibull modulus) for Vita Suprinity®, e.max®, and Celtra® 
Duo. 
The highest characteristic strength was found in e.max® especially in the 5th cycle level 
(α=516.08 MPa), and all firing levels of e.max® showed higher characteristic strength 
compared to both zirconia-reinforced lithium silicate materials. Higher moduli were seen 
in the Vita Suprinity® groups especially in the first two cycles (β=10.65, 11.62, 
respectively), and decreased to (β=5.39) in the 5th cycle. After repetitive firing cycles, 
e.max® showed similar moduli ranging from β=6.99 to 7.76, while in Celtra® Duo, slightly 
lower moduli were observed, and ranging from β=4.83 to 6.47. 
 
Table 34: Weibull’s parameters of Vita Suprinity®. 
Firing Cycle α (MPa) (95% CI) β (95% CI) 
1 356.05 (334.30 - 377.67) 10.65 (6.62 - 15.65) 
2 379.10 (358.05 - 400.21) 11.62 (7.18 - 16.93) 
3 397.32 (369.16 - 425.78) 9.07 (5.68 - 13.14) 
4 422.41 (369.92 - 478.62) 5.02 (3.16 - 7.23) 







Table 35: Weibull’s parameters of e.max® CAD. 
Firing Cycle α (MPa) (95% CI) β (95% CI) 
1 425.84 (386.38 - 466.21) 6.99 (4.20 - 10.68) 
2 487.68 (446.95 - 529.29) 7.76 (4.62 - 11.84) 
3 484.46 (440.46 - 529.38) 7.15 (4.27 - 10.98) 
4 510.53 (465.48 - 556.92) 7.25 (4.44 - 10.70) 
5 516.08 (470.20 - 563.07) 7.22 (4.44 - 10.70) 
 
Table 36: Weibull’s parameters of Celtra® Duo. 
Firing Cycle α (MPa) (95% CI) β (95% CI) 
1 323.62 (281.75 - 368.50) 4.83 (3.03 - 7.03) 
2 375.19 (333.89 - 418.77) 5.78 (3.46 - 8.74) 
3 364.08 (327.96 - 401.42) 6.47 (3.93 - 9.73) 
4 377.72 (331.15 - 427.03) 5.13 (3.14 - 7.69) 






3.4. Fractographic analysis 
In this section, scanning electron microscope (SEM) images of fractured samples 
of Vita Suprinity®, e.max® CAD and Celtra® Duo are displayed here, and the fractographic 
characteristics of all samples were analyzed and explained. 
3.4.1. Vita Suprinity® 
In Figure 32, a high flexural strength sample was examined for fractographic 
features, and the fracture origin can be seen clearly. The area immediately surrounding the 
origin is defined as the mirror and was seen in this sample. The mirror area here appears to 
be slightly rough, and it is consistent with what is expected in glass-ceramics. Next to the 
mirror, the mist area is not wide compared to pure glass, and the hackle area starts to 
develop with some small and interrupted cracks. Away from the origin, cracks from the 
hackle area were deflected, and larger cracks are seen very far from the origin with 
evidence of bifurcation. 
In one of the low flexural strength samples (Figure 33), the origin was not clear. 
The mirror, mist and, hackle areas are not noticeable, and cracks on the fractured surface 








Figure 32: SEM images from a fractured specimen of Vita Suprinity®; (A) The 
white arrow with O points to the fracture origin, MR is the mirror area, the mist 
was narrow and difficult to detect, H denotes the hackle, and D is a crack deflection; 






Figure 33: An SEM image of a lower flexural strength specimen of Vita Suprinity®. 
The determination of a fracture origin was challenging. Less crack deflections are 





3.4.2. e.max® CAD 
In a high flexural strength sample (Figures 34 and 35, and 36), areas of the fracture 
origin, mirror, and mist were seen. Also, crack deflections and bifurcations were observed. 
All these features were similar to what have been seen in Vita Suprinity®’s high flexural 
strength specimen. 
In a lower flexural strength sample (Figure 37), the origin, mirror, and mist areas 
were not noticeable, and a single main crack is propagating without sharp deflections. 
 
Figure 34: SEM images of a high flexural strength sample of IPS e.max® CAD, MR 
indicates the mirror area, MS is the mist, which is seen slightly clearer than samples 
of other materials, H indicating the hackle area with multiple crack lines 






Figure 35: A higher magnification of Figure 34, and located in the area between the 







Figure 36: (A) Another example of multiple deflected cracks seen in an e.max® CAD 
sample with high flexural strength. (B) A higher magnification of the highlighted 






Figure 37: (A) A low flexural strength sample of IPS e.max® showing a single main 
crack. The fracture origin was hard to identify. (B) A higher magnification of the 





3.4.3. Celtra® Duo 
A high flexural strength sample (Figure 38) showed similar characteristics to the 
two other materials; the prominent fracture origin, the mist area was rough and clear, the 
hackle area contained multiple small cracks consolidated to form larger ones, and sharp 
deflections were noticed. In a low flexural strength sample (Figure 39), it was challenging 
to identify the fracture origin; as no significant landmarks could be seen clearly in the origin 







Figure 38: SEM images from a high flexural strength sample of Celtra® Duo; (A) a 
low magnification showing the entire cross-section with multiple crack lines with 
severe deflections indicating a high energy release fracture, the white arrow with O 
points to the origin of fracture. (B) The origin area with multiple small cracks 
initiating from the hackle (H) and consolidating to form larger cracks with areas of 






Figure 39: A low flexural strength sample of Celtra® Duo. Less cracks are seen on 
the cross-sectional surface, and the determination of the fracture origin was 






3.5. Microstructure images 
SEM images of Celtra® Duo after one and five firing cycles showed spherical 
crystals, and crystals that have, what appears to be, a small rectangular prism shape. 
Smaller particles were dispersed between crystals. No significant changes in crystals’ size 
were shown after firing the material for the 5th time (Figures 40 and 41). 
 
 








Figure 41: SEM image showing the crystalline phases of Celtra® Duo after five 
firing cycles. 
 
In Figures 42 and 43, SEM images of Vita Suprinity® after one and five firing 
cycles showed similar microstructure to Celtra® Duo, with spherical and rectangular-
prism-shaped crystalline structures, and smaller particles dispersed between crystals. 







Figure 42: SEM image showing the crystalline phases of Vita Suprinity® after one 
firing cycle. 
 







In Figures 44 and 45, Back scattering electron (BSE) images showed high 
electron density phases in both Celtra® Duo and Vita Suprinity®, indicating elements with 
high atomic number, for example zirconium (Zr). In Table 37, the percentages by weight 
for different elements were detected by energy dispersive spectroscopy (EDS), 
differences were seen in silicon’s percentage by weight, when comparing e.max® to both 
zirconia-reinforced glass ceramics, and a difference in zirconia’s percentage by weight 
was seen between Celtra® Duo and Vita Suprinity® (11.8% wt., and 15.1% wt., 
respectively). The microstructure of e.max® is displayed in Figure 46, with homogenous 
and interlocked rectangular-prism-shaped crystals, with no small particles between 
crystals. 
 
Figure 44: A back scattering electron (BSE) image of Celtra® Duo after five firing 
cycles. Bright signals of small particles might indicate the presence of zirconia that 








Figure 45: A back scattering electron (BSE) image of Vita Suprinity® after five 
firing cycles. More bright signals of small particles were seen compared to Celtra® 
Duo. 
 





Table 37: The percentage (by weight) of different elements of Celtra® Duo, Vita 
Suprinity®, and e.max® obtained by energy dispersive x-ray spectroscopy. 







O 46.1 O 46.7 O 47.1 
Si 29.2 Si 26.9 Si 37.0 
Zr 11.8 Zr 15.1 Zr ---- 
Ce 5.9 Ce 3.9 Ce 2.2 
P 1.4 P 1.2 P 1.4 
Al 1 Al 1 Al 1.8 
Tb 3.9 Tb 3.9 Tb ---- 







All-ceramic restorations have excellent clinical performance when anterior teeth 
are replaced, and in clinical follow-ups after three and five years, some studies have 
shown that this type of restoration has acceptable performance, while others have found 
an excellent success rate when posterior teeth are replaced.55,56 Zirconia frameworks in 
the posterior area are more favorable than are glass ceramic fixed partial dentures, as 
framework fracture—particularly in the connector area—is associated more with glass-
ceramic FPDs.34 Accordingly, it is recommended that glass-ceramic FPDs’ use should be 
limited to the anterior region, despite some reports that may indicate their possible use in 
the posterior region.33 
Single glass-ceramic crowns have excellent success rates in the short and medium 
term and have demonstrated up to a 97.8% survival rate with IPS e.max®, and a mean of 
95% for IPS Empress II.57 Further, monolithic restorations showed fewer failures 
compared to veneered restorations based on data derived from two US laboratories.58 
Zirconia-reinforced lithium silicate ceramics were introduced in the dental market 
as a new and improved glass-ceramic with added zirconia (» 10% by weight). The goal is 
to achieve an ideal combination of greater strength and excellent esthetics. Only limited 
data have assessed this new material’s translucency changes, as well as flexural strength 
changes with repetitive firing cycles; hence, this study was designed to evaluate the effect 
of repetitive firings, as it is common to fire a ceramic repetitively, for example, when 






According to Lee, translucency is an optical property that describes the relative 
amount of light transmitted through a material, or diffusedly reflected from it. In other 
words, it is the intensity ratio of the transmitted light to the incident light.59 In order to 
develop a method to measure a material’s translucency some factors must be 
considered:60,61 
1- The only point of interest is the visible spectrum of light. 
2- The human eye is sensitive to a wavelength of 555 nm in daylight. 
3- Light transmitted through a material decreases exponentially with thickness. 
The human eye’s retina consists of photoreceptor cells known as rods and cones. 
They both play a role in the perception of light, as both types of cells are connected to the 
ganglion cells, which transmit signals to the brain, then the viewed object is interpreted. 
Described by Berson et al., rod cells are higher in quantity and sensitive to the entire 
visual spectrum; the visual spectrum is described as the wavelength (λ) range of 390–720 
nm.62 On the other hand, cones are specialized cells, and sensitive to certain wavelengths. 
Specific cones can be sensitive to red, others to blue, and green; hence, named red, blue, 
and green cones. Cones in the retina are responsible for the photopic vision, in which 
cones are more sensitive in daylight. Cones are most sensitive to a wavelength of 555 nm. 
As mentioned, rods are more sensitive than cones, and therefore, rods play a role in the 
scotopic vision, which is the vision with low ambient light (e.g. at night), and sensitive to 





According to Johnston, there are currently no guidelines in choosing the best 
method for measuring the translucency of dental materials. In general, three methods 
were accepted and used in the literature:63 
1- Contrast ratio (CR): is the spectral-light reflectance’s ratio of a material with a 
black background (Yb) to the same material with a white background (Yw), and which is 
Yb/Yw. CR values range from 0-1, where 1 is completely opaque. 
2- Translucency parameter (TP): is square root of the sum of color differences, 
squared, of (L*, a*, b*) coordinates over black (b) and white (w) backgrounds, or [(L*b – 
L*w)2+ (a*b – a*w)2+ (b*b – b*w)2]1/2 
3- Transmittance: is the ratio of the light’s intensity transmitted out of the material 
(I) to the incident light’s intensity (I0), or T=I/I0. 
No studies estimated the smallest difference in light transmission, in which it is 
possibly perceived by the human eye. Only the difference in CR≥0.07, and TP≥2 were 
reported.60 Several factors that influence this perception, including the luminous intensity 
[candela (cd)/m2], and the angle of light subjected to the material.62 However, one study 
reported a positive correlation between TP and transmittance (r = 0.63, p≤0.05)64. Light 
transmission was selected in this study, and the justification was according to Spink et. 
al., as CR and TP differences might not be sensitive when translucency measured is 
below 50%.65 The effect of the microstructure on translucency was described by Lee, 
were the crystal size, crystal content (by volume), refractive index (RI) of the crystals and 





The microstructure of Vita Suprinity® and Celtra® Duo are similar based on Belli 
and Riquieri.45,66 Both authors described the microstructure after firing, using X-ray 
diffraction and Raman spectroscopy as a mixture of lithium metasilicate, lithium 
disilicate, and lithium orthophosphate, zirconia particles were seen between crystalline 
phases. No information regarding the crystalline volume of both zirconia-reinforced 
lithium silicates. However, e.max® exclusively consists of an interlocked lithium 
disilicate structure with around 70% by volume. 
Light transmission was calculated in this study to identify the selected materials’ 
translucency. The results showed that, with repetitive firing cycles, light transmission 
through Vita Suprinity® and IPS e.max® CAD ceramics decreased, while additional firing 
cycles applied to samples of Celtra® Duo with the same thickness, showed no changes in 
translucency. Roy and Osborn, explained the differences in the refractive index of 
different crystalline structures.67 Lithium disilicate had a refractive index of 1.55 which is 
closer to glass (1.5) than lithium metasilicate (1.6), this might explain the higher 
translucency in e.max with lower thickness (Figure 12); however, in this study, the 
difference between e.max® and Celtra® Duo pooled data were not significant.  
The change in the refractive index (RI) of glass with higher temperature was 
discussed by Matsuoka, and Buchner et al.68,69 Celtra® Duo’s holding temperature, in the 
2nd heat treatment and afterwards, was lowered to 770°C according to the manufacturer’s 
instructions, while both e.max®’s holding temperature (840°C), and Vita Suprinity®’s 





the reason behind translucency changes of e.max® and Vita Suprinity® after repetitive 
firings, and no changes were detected in Celtra® Duo. 
Sen et al. reported that the element (zirconium) represents 15.7% in Vita 
Suprinity®,35 which coincides with our study (15.1%). This might be an indication that 
Vita Suprinity® has a higher amount of zirconia dissolved in the glassy matrix (Table 37). 
Back scattering electron images (BSE) from the SEM provided some information 
regarding the presence of elements with higher atomic number, for example, zirconium or 
terbium. Particles with high electron densities were seen in Vita Suprinity® and Celtra® 
Duo. EDS detected different Zr percentages in both materials (15.1%, and 11.8%, 
respectively) (Table 37). The difference in the amount of zirconia particles present 
between phases, could cause more light scattering in Vita Suprinity®; hence, resulted in 
more absorption. This finding is also seen in a few studies.45,66. 
Gozneli et al. reported no significant difference in the flexural strength of IPS 
Empress II after subsequent firings, and the results in this study is in agreement with 
Gozneli’s findings.70 Repetitive firing cycles had no significant effect on flexural strength 
of the three materials. When data were pooled by material, Celtra® Duo had the lowest 
flexural strength, and e.max® the highest. Wendler et al., discussed the flexural strength 
of different CAD/CAM materials and found that e.max® CAD was higher than both 
zirconia-reinforced lithium silicate ceramics.71 This finding might be attributed to 
e.max®’s high crystalline content and its homogeneity. However, e.max® was not 
significantly different than Vita Suprinity®’s flexural strength. A relatively high standard 





addition, no significant differences seen between Vita Suprinity and Celtra Duo in 
flexural strength, due to their similar microstructure. The Weibull moduli of e.max®, 
Celtra® Duo, and Vita Suprinity® did not change with repetitive firings, as the confidence 
intervals of the moduli overlapped with repeated firings. No studies investigated the 
change in Weibull modulus in glass ceramics with repetitive firings; only changes in the 
Weibull modulus of zirconia was reported by Subaşi.72 The wide range of 95% 
confidence intervals seen in Weibull moduli of Vita Suprinity®; this probably indicates a 






The limitations of this study: 
1- Color changes (ΔE), or CR changes were not investigated in this study, and the 
determining the human eye’s perception to light transmission changes was difficult. 
2- Some materials had a relatively higher coefficient of variance in light 
transmissions results, as some specimens developed scratched surfaces with polishing. 
3- Some materials had a relatively higher coefficient of variance in flexural 
strength results, as samples where manually polished. 
4- Limited information regarding the microstructural changes of the three 
materials with multiple firings. 
5- Due to its small atomic number, the characteristic X-rays of lithium is 
extremely low to be detected in an EDS. 
Future research recommendations: 
 1- Investigating the color changes of zirconia-reinforced lithium silicate materials 
with repetitive firings. 
 2- X-ray diffraction analysis of zirconia-reinforced lithium silicate after multiple 
firings will provide more information regarding the detection of Li within different 
phases. 
 3- Evaluating the effect of cyclic fatigue on the flexural strength of zirconia-







Within the limitations of this study, the conclusions drawn from this study were: 
1- There was a significant decrease in the light transmission through a lithium 
disilicate glass-ceramic (IPS e.max® CAD) with repetitive firing cycles (p<0.05). 
2- There was a significant decrease in the light transmission through a zirconia-
reinforced lithium silicate glass-ceramic (Vita Suprinity®) with repetitive firing 
cycles (p<0.05) 
3- No significant decrease in light transmission was seen through a zirconia-reinforced 
lithium silicate glass-ceramic (Celtra® Duo) after repetitive firing cycles (p>0.05). 
4- The absorption coefficient significantly increased with repetitive firing cycles in 
Vita Suprinity® and e.max® (p<0.05). 
5- Repetitive firing cycles did not significantly affect the flexural strength of all 
materials (p>0.05) 
6- When pooling data according to material type, IPS e.max® was the material with 
the highest flexural strength and was significantly different than Celtra® Duo 
(p<0.05); however, e.max® was not significantly different compared to Vita 
Suprinity® (p>0.05), and Celtra® Duo was not significantly different than Vita 
Suprinity® (p>0.05). 
7- All materials’ specimens showed similar fractographic patterns. Prominent fracture 
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